, "Detecting and monitoring water stress states in maize crops using spectral ratios obtained in the photosynthetic domain," J. Appl. Remote Sens. 11(3), 036025 (2017) Abstract. The reliable detection and monitoring of changes in the water status of crops composed of plants like maize, a highly adaptable C4 species in large demand for both food and biofuel production, are longstanding remote sensing goals. Existing procedures employed to achieve these goals rely predominantly on the spectral signatures of plant leaves in the infrared domain where the light absorption within the foliar tissues is dominated by water. It has been suggested that such procedures could be implemented using subsurface reflectance to transmittance ratios obtained in the visible (photosynthetic) domain with the assistance of polarization devices. However, the experiments leading to this proposition were performed on detached maize leaves, which were not influenced by the whole (living) plant's adaptation mechanisms to water stress. In this work, we employ predictive simulations of light-leaf interactions in the photosynthetic domain to demonstrate that the living specimens' physiological responses to dehydration stress should be taken into account in this context. Our findings also indicate that a reflectance to transmittance ratio obtained in the photosynthetic domain at a lower angle of incidence without the use of polarization devices may represent a cost-effective alternative for the assessment of water stress states in maize crops. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
In recent years, we have been observing an accentuation of adverse climatic conditions leading to extensive drought periods in certain regions of the planet. At the same time, the demand for increasing crop yields to support both food and biofuel production continues to grow steadily. The combination of these factors has become a catalyst for research efforts toward the effective detection and monitoring of changes in crops' water status. These procedures are essential not only from an economical but also from an ecological point of view. An underestimation of crops' water requirements may lead to reduced yields, while an overestimation may result in detrimental effects to the environment and human health, such as the contamination (e.g., due to the excessive use of fertilizers) and even depletion of limited freshwater supplies.
Despite these efforts, however, the current understanding about these species' capacity to grow in hot climates with sporadic rainfall is still relatively limited.
The assessment of a plant's water status is associated with the measurement of its leaves' relative water content (RWC). According to Loreto et al., 8 when the RWC falls below 70%, irreversible damage of the foliar photosynthetic apparatus can result. More specifically, the RWC reduction is accompanied by an accentuated drop in pigment content. 9, 10 This reduces light absorption efficiency, which may lead to the plant's death. 8, 11 Moderate water stress (RWC > 70%), which is observed more often in nature, 8 may also prompt structural variations, such as tissue thickness reductions, 12 that can affect foliar optical properties and, consequently, the leaves' spectral signatures.
Although the effective monitoring of maize crops' water status requires the detection of changes in foliar spectral responses under in vivo conditions, the spectral data used in studies involving the reduction of foliar water content, notably in the more conspicuous moderate range, are normally obtained under in vitro conditions. In these situations, in which the specimens (leaves) are usually detached from a living plant and then air dried, an increase in the visible reflectance is observed. 2, 13 One might expect that in vivo and in vitro water reduction procedures would result in similar spectral changes since, in both cases, the loss of water affects the internal structure of the foliar tissues. However, experiments performed by Maracci et al. 3 under in vivo conditions (by withholding water from the soil), which were also examined by Verdebout et al., 4 suggested that this may not be the case for certain species. More specifically, in these experiments, maize leaves whose water content was moderately reduced using an in vivo procedure showed a decrease in the visible reflectance even though their pigment content remained relatively constant. 3 According to Loretto et al., 8 during slowly developing water stress (e.g., when plants sense the reduction of soil water content), water deficit signals are released in the live plant roots and delivered to the leaves. The main signaling route used in this process is mediated by abscisic acid (ABA).
14 It is worth noting that, as ABA is detected, it induces cytosolic Ca 2þ elevations. 8 Also, Ca 2þ channels are essential for the initiation of a large number of signal transduction processes in higher plant cells. 15 For example, experiments by Sato et al. 16 indicate that the influx of external Ca 2þ through the plasma membrane is required for the early signaling step of chloroplast mechanorelocation movements. Accordingly, it has been proposed that a similar sequence of events may occur in maize leaves under moderate in vivo water stress and neutral illumination conditions. 7 More specifically, an elevation of cytosolic Ca 2þ , induced by water deficit signals, might provide a signaling pathway to trigger the migration of chloroplasts away from the walls of the cells, which, in turn, might result in a more homogeneous distribution of these chlorophyllcontaining organelles. Such a distribution pattern increases the probability of light detour effects and, consequently, light absorption in the visible (photosynthetic) domain. 17, 18 This may explain the reflectance decrease observed during moderate in vivo water reduction procedures, and it may also represent further evidence about the adaptive mechanisms of these plants to adverse environmental conditions. 5, 6 Estimations of plants' water content usually involve spectral measurements in the infrared domain. 19, 20 However, a number of studies have addressed the possibility of using foliar spectral signatures in the photosynthetic domain to assist in the assessment of a plant's water status. 13, 21, 22 Vanderbilt et al. 23 performed experiments in which optical polarization techniques were employed to remove the surface (specular) component of maize leaves' reflectance to demonstrate that its subsurface (diffuse) component has a direct correlation with the leaves' RWC. This correlation was based on the premise that RWC-linked changes in the visible reflectance are associated with structural alterations in the internal arrangement of the foliar tissues and are not a consequence of molecular configuration changes in cellular pigments, provided that the leaves' RWC is above 65%. Taking this correlation into account, Vanderbilt et al. 23 indicated that the subsurface reflectance to transmittance ratio (ρ d ∕τ) can potentially be used to estimate the RWC of wilted specimens, notably for RWC values between 85% and 65%. It is important to note, however, that these experiments were performed on leaves detached from the living plant, i.e., under in vitro conditions.
Computer simulations, or in silico experiments, are routinely being employed to accelerate the different cycles of research involving optical processes that cannot be fully studied through traditional laboratory procedures due to technical limitations. Among these limitations, one can highlight the difficulties of performing in situ measurements requiring the control of a large number of biophysical variables. In the case of plants, it has been demonstrated that computer simulations paired with measured data can be effectively employed in the investigation of open questions involving their physiological responses to changes in water soil levels, 7 as well as the effects of limited water availability on their growing process. 24 In this paper, which is an updated and extended version of a conference presentation, 25 we employ computer simulations to assess whether variations on the visible spectral signatures of maize leaves can be effectively employed in the detection and monitoring of RWC changes under both in vitro and in vivo conditions. Our simulations are performed using the predictive model of light-leaf interactions known as ABM-U [algorithmic BDF (bidirectional scattering distribution function) model for unifacial leaves]. 26, 27 Besides enabling us to overcome the technical limitations mentioned above, the use of such a model allows us to obtain the subsurface component of foliar reflectance in a straightforward manner. Our findings confirm that, when designing procedures for the estimation of changes in maize leaves' water status, one needs to account for the living specimens' physiological responses to dehydration stress. They also indicate that a visible reflectance to transmittance ratio can be potentially used as an indicator of moderate water stress in maize plants under in vivo conditions. This, in turn, can contribute to the prevention of irreversible damages to their photosynthetic apparatus and consequent reductions in crop yield.
Materials and Methods

Simulation Framework Overview
The ray-optics based model, ABM-U, 26, 27 used in this investigation employs an algorithmic Monte Carlo formulation that provides a rigorous and yet flexible approach for the simulation of light transport within foliar tissues. Its detailed parameter space enables specific biophysical characteristics of different specimens to be appropriately taken into account during the simulations. It is important to note that this model has been extensively evaluated through quantitative and qualitative comparisons of modeled results with actual measured data. 7, 26, 28 Within the ABM-U formulation, a ray interacting with a given leaf specimen can be associated with any selected wavelength within the spectral regions of interest. Hence, ABM-U can provide reflectance and transmittance quantities with different spectral resolutions. For consistency, however, we considered a spectral resolution of 5 nm in all modeled curves depicted in this work. In terms of illumination and collection geometries, ABM-U can provide bidirectional reflectance and transmittance values by recording the direction of the outgoing rays using a virtual gonioreflectometer. 29, 30 In addition, one can obtain directional-hemispherical reflectance and transmittance values by integrating the outgoing rays with respect to the collection hemisphere using a virtual spectrophotometer. 30, 31 Unless, otherwise stated, the spectral curves presented in this investigation correspond to directional-hemispherical readings obtained considering an angle of incidence equal to 8 deg (for consistency with experiments aimed at remote sensing observations of plants 32 ) and 10 6 sample rays per wavelength. To enable the full reproduction of our investigation results, we made ABM-U available online 33 via a model distribution system 34 along with the supporting biophysical data 35 (e.g., refractive indices and extinction coefficients) used in our in silico experiments. This system enables researchers to specify experimental conditions (e.g., angle of incidence and spectral range) and specimen characterization parameters (e.g., pigments and water content) using a web interface ( Fig. 1 ) and to receive customized simulation results.
Specimens' Characterization Data
Three groups of maize specimens were considered in this investigation, namely fresh (turgid, baseline), in vitro wilted, and in vivo wilted. Moreover, within each group, we also considered exemplars, henceforth referred to as A1, A2, B1, and B2, with distinct biophysical characteristics. We used measured datasets, which are available in the LOPEX database, 32 in the characterization of the four fresh specimens and modified versions of these datasets in the characterization of the corresponding wilted specimens. These datasets and their modifications are reported in the remainder of this section.
The LOPEX project 32 involved experiments performed on 120 leaf samples representative of more than 50 species. Specimens A1 and A2 considered in this investigation correspond to LOPEX sample 12, while specimens B1 and B2 correspond to LOPEX sample 16. Each LOPEX sample comprised ∼800 g of collected leaves. The LOPEX experiments included directional-hemispherical reflectance and transmittance measurements, as well as auxiliary measurements of pigment concentrations, thickness, and water content for each specimen. Again, it is important to note that the modeled (using the ABM-U) reflectance and transmittance curves obtained for the baseline specimens considered in this investigation closely approximate their measured LOPEX counterparts as depicted in previous works. 7, 26 The LOPEX biochemical data, namely the contents of the main leaf absorbers in the visible range, used to characterize the baseline (fresh) specimens are presented in Table 1 . The remaining LOPEX data employed in the characterization of these specimens, namely thickness, fresh weight, and dry weight, are presented in Table 2 . It is worth noting that the data provided in Tables 1 and 2 were obtained from leaf specimens collected during the period of maximum phenological activity of the sampled plants. The values for thickness, fresh weight, and dry weight parameters correspond to measurements performed for each specimen considering Fig. 1 The web interface for the ABM-U model 33 available through the Natural Phenomena Simulation Group Distributed (NPSGD) system. 34 Through this interface, researchers can configure biophysical parameters and execute light transport simulations involving C 4 plants, such as maize, characterized by unifacial plant leaves. a foliar area of 4.1 cm 2 . These parameters are used to calculate the concentration of the absorbers in terms of since their contents are given either in terms of mg per fresh weight (in the case of chlorophylls and carotenoids) or as percentage of dry weight (in the case of cellulose, lignin, and protein) in the LOPEX database. The volume considered in these concentration calculations corresponds to the sampled foliar area multiplied by the thickness of the mesophyll tissue, which we estimated to be ∼80% of the leaves' total thickness. 36, 37 The upper bound values selected for the cuticle undulations, epidermis cell caps, and mesophyll (spongy) cell caps used to perturb the light rays interacting with the foliar tissues 26 were 10, 5, and 5, respectively. These values were derived from data available in the literature and also borne out by observations of cross sections of maize leaves. 7 The modeled radiometric quantities for the wilted specimens were obtained considering a 25% water reduction accompanied by minor changes in the pigment contents, as reported in the experiments by Maracci et al., 3 involving maize leaves under moderate water stress. Measurements performed by Wolley 38 on maize leaves indicate that such a water content reduction is followed by approximately a 20% reduction in thickness and a 2% reduction in area. We reduced the thickness and area of our baseline specimens accordingly, and we performed a 25% reduction on their fresh weights. A summary of ABM-U parameter values employed in this investigation is provided in Tables 3 and 4. Note that, as expected, 3 the performed morphological changes resulted in the pigment concentrations remaining relatively unchanged. Finally, we applied a 20% increase in the aspect ratio of the mesophyll (spongy) cell caps to account for their resulting flattening. 12, 26 We remark that, as the angular distribution of light transmitted through plant leaves increases, the probability of light absorption increases as well due to the detour effect. 18 However, it is also necessary to consider that a nonhomogeneous distribution of pigments (under normal conditions, the mesophyll chloroplasts usually remain arrayed along the cell walls 39, 40 ) can reduce the probability of light absorption. 41 In this situation, light can be propagated without encountering these organelles, a phenomenon known as the sieve effect. 40, 42 Hence, simulations of light transport within foliar tissues need to account for the inverse dependence of detour and sieve effects on the distribution of these absorbers 18 and on the angular deviations of light travelling in the mesophyll tissue. 27 To account for the inverse angular relationship of the sieve and detour effects, ABM-U adjusts the ray propagation angle using a bound derived from applied optics experiments. Table 1 Biochemical data for specimens associated with LOPEX samples 12 (A1 and A2) and 16 (B1 and B2). The concentration of chlorophyll a (C a ), chlorophyll b (C b ), and carotenoids (C c ) is given as content per fresh weight. Protein (C p ), cellulose (C cl ), and lignin (C l ) contents are given in terms of percentage of dry weight. Accordingly, we kept this bound in place (see sieve effects checkbox in Fig. 1 ) during the simulations involving fresh specimens. For the simulations involving the corresponding in vitro and in vivo wilted specimens, we employ the same modified biophysical datasets (Tables 3 and 4) and model running parameters for both, with the exception of this bound, which we removed for the latter. The removal of this bound resulted in sieve effects not being considered for these specimens. This choice was based on the putative intensification of the detour effects caused by a more homogeneous intracellular distribution of mesophyll chloroplasts in response to water stress. Finally, we applied the law of Gladstone and Dale 7 to obtain the spectral refractive index of mesophyll cell walls after the water content reduction. Although this adjusted spectral refractive index was considered in the simulations presented in this paper for completeness, we note that its impact in the modeled results was minor.
Results and Discussion
Initially, we computed the subsurface reflectance and transmittance for the three groups of specimens. As can be observed in Fig. 2 , while the subsurface reflectance of the in vitro wilted specimens increased in comparison with the subsurface reflectance of the fresh specimens, a behavior consistent with the in vitro experiments performed by Vanderbilt et al., 23 the subsurface reflectance of the in vivo wilted specimens decreased, a behavior consistent with the in vivo experiments performed by Maracci et al. 3 On the other hand, as can be observed in Fig. 3 , the transmittance of both groups of wilted specimens, in vitro and in vivo, increased in comparison with the transmittances computed for the fresh specimens. These observations indicate that subsurface reflectance alone cannot be used in RWC estimations since some species, like maize, may adapt to moderate water stress conditions. Such an adaptation, in turn, may result in a decrease in the amount of reflected light instead of an increase. These different reflectance variation patterns may render RWC estimations unreliable. Hence, to detect and monitor moderate water stress conditions before damage to the plants' photosynthetic apparatus becomes irreversible, it may be necessary to acquire supporting ground-based information, including both reflectance and transmittance data.
At first glance, it might seem that the use of transmittance readings could be sufficient for obtaining reliable RWC estimations since this spectral quantity increased for both groups of wilted specimens. However, it is important to note that significant quantitative transmittance variations can be observed even among different fresh specimens belonging to the same plant species, as illustrated by the spectral curves presented in Fig. 3 . Ideally, one should employ, as an indicator of moderate water stress, a quantity whose interpretation would not be significantly affected by intraspecies biophysical variations. Accordingly, we proceeded to explore the use of subsurface reflectance (ρ d ) to transmittance (τ) ratios.
The ρ d ∕τ curves computed for the different groups of specimens are depicted in Fig. 4 . As expected, the same qualitative trends can be observed in the curves computed for the four distinct maize leaf specimens. However, one can also observe significant quantitative differences, notably in regions characterized by low transmittance values, namely between 400 to 500 nm and around 675 nm. These quantitative inconsistencies make ρ d ∕τ values computed for these regions poor indicators of moderate water stress. In addition, it is important to consider that small fluctuations that may occur during the acquisition of transmittance data may lead to larger fluctuations in the computation of the ρ d ∕τ values for these regions.
Possible fluctuations during the acquisition of transmittance data are less likely to affect the computation of the ρ d ∕τ values around 555 nm since this region is characterized by relatively large subsurface reflectance and transmittance values. In addition, a closer examination of the ρ d ∕τ values within this region reveals a consistent trend for both groups of specimens. More specifically, at 555 nm, the ρ d ∕τ ratio takes values close to 0.6 for the four distinct in vivo wilted specimens, as depicted in Fig. 5 . This suggests that the ρ d ∕τ ratio at 555 nm can be employed as an indicator of moderate water stress in maize, and possibly in other C 4 species with similar characteristics like sugarcane (Saccharum officinarum), under in vivo conditions. The use of such indicators, in turn, may contribute to the development of new procedures for the reliable estimation of plants' RWC.
Clearly, the use of a ρ d ∕τ value computed at 555 nm as a moderate water stress indicator, and possibly in RWC estimations, needs to be further investigated through in situ experiments. Moreover, it is also necessary to examine practical aspects involving the acquisition of subsurface reflectance and transmittance data in field campaigns. For example, since actual subsurface reflectance measurements require the use of optical polarization techniques and hardware, 23 one might wonder whether this requirement might render these measurements impractical outside laboratory settings.
It is worth noting that measured foliar spectral data used in remote sensing investigations are usually obtained at low angles of incidence, with values between 2.5 deg and 1.5 deg being commonly found in the literature. 2, 3, 7, 12, 32, 43 In addition, several of these investigations involve separate measurements for the surface and subsurface components of a specimen's reflectance (ρ). It has been reported that surface reflectance contributions are minor for low angles of incidence close to zero. 12 Furthermore, these contributions result from light interactions at the interface between the air and the cuticle wax layer, 44 whose optical properties are likely to remain unchanged as a result of moderate water stress. The net effect of these aspects is that, for practical purposes, the relatively small surface reflectance contributions can be treated as a constant under these conditions. Hence, it may be possible to use the reflectance to transmittance ratio as a reliable moderate water stress indicator using ρ and τ quantities obtained at a low angle of incidence. This would effectively eliminate the need for separating the surface and subsurface components of reflectance through additional optical equipment. Accordingly, we computed ρ∕τ curves in the 530 to 570 nm range for the different groups of specimens. As can be observed in the plots presented in Fig. 6 , at 555 nm, this ratio takes values close to 1.0 for the four distinct in vivo wilted specimens. For completeness, we present in Table 5 the ρ d ∕τ and ρ∕τ values computed for the selected specimens considering the selected angle of incidence (8 deg) .
During actual field measurement campaigns, the angle of incidence may vary from one measurement instance to another. For this reason, we have examined the sensitivity of the proposed indicators to such angular variations. We started by reviewing our measurement guidelines. First, the proposed indicators, as envisioned in this work, should be obtained considering a low angle of incidence (e.g., 8 deg as was done in the LOPEX experiments). Hence, assuming that possible angular variations from one measurement to the next will have a small magnitude, we selected 5 deg as the upper bound for the angle of incidence after being affected by these variations. We then computed the corresponding ρ d ∕τ and ρ∕τ values at 555 nm. As verified in Table 6 , these values remained close to 0.6 and 1.0, respectively. Thus, one can assume that possible small angular variations would not affect the water stress assessment performed using the proposed indicators obtained at low angles of incidence.
In summary, our silico experiments show that unreliable assessments of water status may result from overlooking the adaptation mechanisms developed by certain plants, notably C 4 species like maize, to cope with adverse environmental conditions. We remark that these adaptation mechanisms, developed to increase a plant's chance of survival, can affect its spectral signature. This is particularly relevant if one aims to prevent irreversible damage to their photosynthetic apparatus, which occurs when the plants' RWC falls below 70%. According to our in silico experiments, when the specimens' RWC is 5% away from reaching this physiological limit, the spectral ρ d ∕τ and ρ∕τ ratios computed at 555 nm and at a low angle of incidence take values close to 0.6 and 1.0, respectively. Hence, we believe that these ratios can serve as references to alert crop managers to take action before a moderate water stress state becomes severe and beyond repair. For example, water stress reduction protocols could be activated when jρ d ð555Þ∕τð555Þ − 0.6j < 0.1 or jρð555Þ∕τð555Þ − 1.0j < 0.1. In the case of the ρ∕τ ratio values, their computation would be more cost-effective since ρ readings can be obtained from leaf specimens without the use of polarization devices.
It is worth noting that the exposure to moderate water stress conditions may not be uniform across an entire crop, especially in large cultivated areas. Accordingly, the use of supporting ground-based information, such as the indicators examined in this work, to evaluate the plants' water stress status may require a number of in situ measurements. This number, in turn, depends on the geophysical variability of the area, among other factors. Although the costs involved in obtaining supporting ground-based information are directly associated with this number, we believe that they are justifiable considering potential crop yield losses that such data can help to prevent. Further investigations involving field campaigns will be necessary, however, to quantitatively assess this tradeoff. 
Conclusion
In this work, we have revisited the visible spectral responses of maize specimens to moderate water stress, under both in vitro and in vivo conditions, to explore alternatives for the early detection and monitoring of situations affecting their RWC. The results of our in silico experiments considering four distinct specimens suggest that the subsurface reflectance to transmittance ratio and the total reflectance to transmittance ratio, both measured at 555 nm and at low angles of incidence (below 15 deg), may serve as indicators of moderate water stress in C 4 plants like maize under in vivo conditions. Although further in situ research considering a large number of specimens is necessary to assess the full potential of using leaf spectral responses in the photosynthetic domain to detect and monitor water stress conditions, this possibility is tangible and it may be less constrained by practical issues, such as the use of polarization optics, than was originally expected. As future work, we plan to extend our in silico experiments to a wider range of C 4 species to assess the generality of the water stress indicators examined in this investigation.
